Female Sprague-Dawley rats display considerable variability in their preference for the artificial sweetener sucralose over water. While some rats can be classified as sucralose preferrers (SP), as they prefer sucralose across a broad range of concentrations, others can be classified as sucralose avoiders (SA), as they avoid sucralose at concentrations above 0.1 g/L. Here, we expand on a previous report of this phenomenon by demonstrating, in a series of 2-bottle 24-h preference tests involving water and an ascending series of sucralose concentrations, that this variability in sucralose preference is robust across sex, stage of the estrous cycle, and 2 rat strains (Long-Evans and Sprague-Dawley). In a second experiment involving a large sample of rats (n = 50), we established that the ratio of SP to SA is approximately 35-65%. This bimodal behavioral response to sucralose appears to be driven by taste because rats display a similar bimodal licking response to a range of sucralose solutions presented during brief-access tests. Finally, we have shown that sucralose avoidance is extremely robust as 23-h water-deprived SA continue to avoid sucralose in 1-h single-bottle intake tests. Based on their reduced licking responses to sucralose during brief-access (taste driven) tests, and the fact that their distaste for sucralose cannot be overcome by the motivation to rehydrate, we conclude that SA detect a negative taste quality of sucralose that SP are relatively insensitive to.
Introduction
Nonnutritive sweeteners have become popular alternatives to natural sugars. It has been demonstrated, however, that a shift from appetitive to rejection responses occurs as the concentration of some artificial sweeteners is increased. For example, concentration-related changes in the taste profile of saccharin have been observed in a variety of species (Collier 1962; Jessup 1977a, 1977b; Hoover 1980; Schiffman et al. 1995; Smith 2000; Smith and Sclafani 2002) , and humans report that, in addition to saccharin, stevioside, and acesulfame K taste bitter at high concentrations (Schiffman et al. 1995) . These shifts in taste perception appear to be related to the activation of bitter-taste receptors and/or the transient receptor potential vanilloid-1 (TRPV1) receptor by high concentrations of artificial sweeteners resulting in an aversive taste component commonly described as bitter or metallic (Kuhn et al. 2004; Riera et al. 2008) .
Sucralose is a trichlorinated sweetener that is derived from sucrose but reportedly 600 times sweeter than sucrose on a per weight basis (Knight 1994) . It is currently marketed as the primary sweetening agent in SPLENDA. Despite its growing popularity in the commercial market, there are limited reports of sucralose's taste profile or acceptance in humans. In a study that examined sweet and bitter ratings of a large number of natural sugars and artificial sweeteners in trained tasters, sucralose was reported to taste predominately sweet with a concentration-independent bitter taste that exceeded sucrose but was less than that reported for saccharin, stevioside, and acesulfame K (Schiffman et al. 1995) .
Currently, only a handful of studies have examined the behavioral response to sucralose in rodents. In one study, preference for sucralose increased as a function of increasing sucralose concentration in male mice subjected to a series of 2-bottle preference tests involving water and an ascending series of sucralose concentrations (Bachmanov et al. 2001) . A different behavioral profile has begun to emerge in rats. In a study by Sclafani and Clare (2004) , female rats displayed a weak concentration-independent preference for water over sucralose (0.25-4 g/L) in 2-bottle preference tests, although considerable individual variability in the preference scores was noted. A closer examination of the data revealed that 50% of the female rats preferred all but the highest sucralose concentrations (preference scores ranging from 62% to 78%), whereas the remaining female rats strongly avoided all sucralose concentrations (preference scores ranging from 11% to 21%). In this same study, only 20% of male rats were reported to prefer sucralose over water in a single 2-bottle preference test involving water and 0.5 g/L sucralose (Sclafani and Clare 2004) . Similarly, a subsequent study found that a group of male rats displayed indifference and then preference for water over sucralose across an ascending series of sucralose concentrations (0.0003-10 g/L) (Bello and Hajnal 2005) , and only 23% of these male rats preferred 0.5 g/L sucralose over water. Taken together, these 2 studies suggest that the rat's preference for sucralose may be sexually dimorphic. Finally, preference for sucralose has also been examined in high (HiS)-and low (LoS)-saccharin preferring rats. While the majority of HiS rats preferred sucralose to water at all concentrations (0.01-0.1 g/ L), the majority of LoS rats avoided sucralose at all but the lowest concentration (Dess et al. 2009 ). Thus, the saccharin taste profile of HiS and LoS rats appears to generalize to sucralose suggesting that the natural variation characterized by the bimodal distribution of sucralose preference may mirror some aspects of the HiS and LoS breeding lines.
Taken together, the available data in rats reveal an interesting bimodal behavioral response to sucralose. That is, it appears as though rats can be classified as either sucralose preferrers (SP) or sucralose avoiders (SA) on the basis of their behavioral responses during 2-bottle preference tests involving water and an ascending series of sucralose concentrations (Sclafani and Clare 2004) . The existing data provide some evidence that preference for sucralose may be sexually dimorphic (Sclafani and Clare 2004; Bello and Hajnal 2005) , but no study to date has systematically tested this hypothesis despite numerous reports of sex differences in the intake of, and preference for, both natural and artificial sweeteners (Valenstein et al. 1967; Wade and Zucker 1969; Curtis et al. 2004; Atchley et al. 2005) . Thus, one goal of the present study was to determine whether this highly variable response to sucralose is influenced by sex or hormonal status in cycling female rats. A second goal of this study was to determine whether preference for sucralose is reliable across rat strain because previous studies have demonstrated differences in the preference for artificial sweeteners among various rodent strains (e.g., Pothion et al. 2004; Lush 2010) . Of particular relevance to the current study are reports that male B6 mice (but not male 129 mice) display variability in their preference for aspartame, ranging from indifference to preference (Bachmanov et al. 2001) . In another study, one species of Peromyscus mice (Peromyscus aztecus) displayed considerable variability in the preference for quinine solutions ranging from avoidance to indifference to preference, whereas another species (Peromyscus melanotis) displayed only avoidance responses (Glendinning 1993) . Our third goal was to determine whether the bimodal behavioral response to sucralose is driven by taste and whether it is robust across multiple behavioral testing paradigms including brief-access tests and single-bottle intake tests.
Materials and methods

Animals and housing
Male and female Long-Evans rats and male SpragueDawley rats were obtained from Charles River Breeding Laboratory (body weights 200-225 g at study onset). Rats were individually housed in plastic tub cages equipped with 2 drip-resistant bottles containing ball-tip spouts. Rats were adapted to the cages for at least 1 week prior to data collection. At study onset, rats were given free access to powdered chow (Purina 5001) and deionized water unless otherwise noted. Testing rooms were maintained at 22°C with a 12:12 h light-dark cycle (dark onset 1400 h). Animal usage and experimental protocols were approved by the Florida State University Institutional Animal Care and Use Committee.
Taste solutions
Taste solutions were prepared by dissolving various concentrations of sucralose (Tate & Lyle) in deionized water. Sucralose solutions (0.0001, 0.001, 0.01, 0.1, 0.25, 0.5, 1.0, and 2.0 g/L) were presented either in an ascending series (Experiments 1, 2, and 4) or in random order (Experiment 3). These particular sucralose concentrations were chosen to be consistent with previous studies (Sclafani and Clare 2004; Bello and Hajnal 2005) and to extend the low end of the concentration ranges that have been examined previously.
Procedure
Experiment 1
To determine whether sucralose preference is influenced by sex, male, and female Long-Evans rats (n = 22 per sex) were given a series of 24-h 2-bottle preference tests between deionized water and an ascending series of sucralose solutions (0.0001, 0.001, 0.01, 0.25, 0.5, 1.0, or 2.0 g/L). Each concentration of sucralose was presented for 2 days before testing the next concentration in the series for a total of 14 days. Water and sucralose intakes were recorded daily and bottle position was alternated each day.
To examine any possible role of endogenous estradiol, preference for sucralose was also monitored at different stages of the estrous cycle in a group of Long-Evans female rats (n = 9). Stage of the estrous cycle (diestrus 1, diestrus 2, proestrus, or estrus) was determined by examining the appearance of vaginal cytology samples obtained daily by inserting the tip of a moistened cotton swab into the rat's vaginal canal. The resulting samples were transferred to glass microscope slides and examined under low magnification (4·). Cycle stage labels were assigned to the 24-h period ending at the time of sampling (1000 h) as described previously (Eckel 2004; Becker et al. 2005) . Rats received the same series of 24-h 2-bottle preference tests as described above, except that they received each sucralose concentration for 4 consecutive days, coincident with 1 estrous cycle.
In order to explore the ubiquity of the bimodal preference profile, we examined whether sucralose preference is influenced by rat strain. Long-Evans and Sprague-Dawley male rats (n = 16 and 15, respectively) were presented with increasing concentrations of sucralose in a series of 24-h 2-bottle preference tests as described above.
Experiment 2
Previous studies have reported that about 20% of male rats can be classified as SP. This conclusion is limited, however, by the single concentration of sucralose tested in one study (Sclafani and Clare 2004) and by the small sample size in the other study (Bello and Hajnal 2005) . Here, we sought to establish the ratio of SP to SA by exposing a total of 50 male Long-Evans rats to a series of 24-h 2-bottle preference tests involving water and an ascending series of sucralose concentrations (0.001, 0.01, 0.1, and 1.0 g/L). This abbreviated concentration curve (relative to Experiment 1) was chosen to include 2 sucralose concentrations that are typically preferred by all rats and 2 concentrations of sucralose that split the rat sample into SP and SA. Each concentration of sucralose was presented for 2 days for a total of 8 test days. Water and sucralose intakes were recorded daily and bottle position was alternated each day.
Experiment 3
In order to determine whether the bimodal behavioral response to sucralose is limited to 24-h 2-bottle preference tests, male Long-Evans rats (n = 16) received brief-access tests to varying concentrations of sucralose solutions in a Davis rig (Davis MS80 Rig; Dilog Instruments and Systems). This behavioral testing apparatus consists of a plastic chamber with an opening that allows access to 1 of 8 spillproof glass drinking tubes positioned on a sliding platform. A mechanical shutter opens and closes to allow the rat access to each of the 8 tubes for a user-specified length of time. A computer controls the movement of the platform, which determines the order of tube presentations and the opening and closing of the shutter, which determines the length of access to a tube and the interval between tube presentations. Each individual lick is detected by a contact lickometer and recorded on a computer via DavisPro collection software (Dilog Instruments and Systems).
Throughout training and testing, rats were maintained on a 23-h water-deprivation schedule in order to ensure that SA would lick the higher concentrations of sucralose. Training consisted of 2 sessions. During the first session, rats were placed in the test cage and given 15-min access to one bottle of water and allowed to drink freely. During the second session, rats were given 60 s to initiate licking to water. After the first lick, each tube was available for 30 s before moving on to the next tube and a total of 8 tubes were presented 3 times each during a single session. All tubes contained water, but the shutter and platform were active to familiarize the rats with the testing procedure.
During testing, each of the 8 tubes contained either water or varying concentrations of sucralose solutions (0.0001, 0.001, 0.01, 0.25, 0.5, 1.0, or 2.0 g/L). Each rat was given 60 s to initiate licking. If a lick was recorded during this interval, the clock was reset and the rat was given 30 s to lick the solution. At the end of this 30-s session or after 60 s if no licks were recorded, the shutter would close for 10 s before presenting the next tube. Each tube was presented a total of 3 times per test session in randomized blocks. This paradigm was repeated daily for 5 days. Upon completing all of the licking trials, rats were classified as either SP or SA on the basis of their licking responses at the highest sucralose concentration (2.0 g/L). At this concentration, individual rats either emitted many (>120) licks per session or very few licks per session (<30) and were classified as either SP or SA, respectively. The licking profiles of SP and SA were then compared across the entire sucralose concentration curve. Because this initial analysis appeared to reveal a possible contrast effect between low and high sucralose concentrations (e.g., licking to water and low sucralose concentrations among SA was higher than predicted), a follow-up study was conducted in which all rats were retested with water and the 2 lowest concentrations of sucralose presented 5 times per test session in randomized blocks for a total of 3 days.
Following the completion of Davis-rig testing, rats were given the same series of 2-bottle preference tests as described in Experiment 2 in order to provide an independent classification of the rats as either SP or SA. This was done in order to determine whether the sucralose preference/avoidance profile assessed via the brief-access test predicted the rats' categorization as either SP or SA via 2-bottle preference tests.
Experiment 4
Previous research suggests that at high concentrations of sucralose (1-4 g/L), rats categorized as SA display strong avoidance for sucralose and consume water almost exclusively (Sclafani and Clare 2004) . However, rats under these test conditions are fluid replete and given the choice to consume either water or sucralose. In order to assess the robustness of this sucralose avoidance, a group of 18 male LongEvans rats were categorized as either SP (n = 6) or SA (n = 12) using the series of 2-bottle preference tests described in Experiment 2. Rats were then adapted to a 23-h water-deprivation schedule for 5 days. Following adaptation, rats were Rats Display Bimodal Preference for Sucralose 735
given 1-h access to one bottle containing 0.001, 0.01, 0.1, or 1.0 g/L sucralose every other day, in an ascending order. Based on a concern that SA would not consume enough of the sucralose solutions to adequately rehydrate on test days, each sucralose test day was followed by a water test day in which rats received 1-h access to one bottle containing water.
Data analysis
For experiments involving 2-bottle preference tests, intakes of water and each concentration of sucralose were monitored daily and then averaged across the 2 or 4 test days. Average preference for each concentration of sucralose was calculated by dividing average sucralose intake by average total fluid (sucralose plus water) intake and expressing the scores in percent. Rats were classified as SP if they displayed a preference (>50%) on at least 5 of the 7 sucralose concentrations (Experiment 1) or 3 of the 4 sucralose concentrations (Experiments 2-4). The remaining rats were classified as SA. Preference scores and fluid intakes were analyzed by 2-or 3-factor mixed-design analyses of variance (ANOVAs) with sex, strain, and/or SP/SA group as between-subjects factors and estrous stage and/or concentration as withinsubjects factors, as appropriate.
The number of licks for water and each concentration of sucralose obtained during Davis-rig testing was averaged across the 3 daily trials and the 5 test sessions (i.e., data represent an average of up to 15 presentations per concentration). As we were interested in the rats' orosensory driven behavior, in the rare instance where an animal did not make a single lick to a tube, that zero was not included in the average as it could not be the result of a taste-guided behavior. The mean number of licks measured in the Davis rig and the mean intakes (g) for one-bottle tests were analyzed by 2-factor mixed-design (SP/ SA group · concentration) ANOVAs. Significant main or interactive effects (P < 0.05) were examined using Tukey's honestly significant difference test.
Results
Experiment 1
Effects of sex and stage of the estrous cycle Overall, male and female rats displayed a comparable decrease in sucralose preference as the concentration of sucralose increased (F 6,252 = 13.97, P < 0.0001, Figure 1A ). At low (0.0001-0.01 g/L) concentrations, rats displayed a moderate preference for sucralose. However, at higher (0.25-2 g/L) concentrations, rats displayed a mild sucralose avoidance. Individual rats were then classified as SP or SA, based on their individual preference curves. While the number of SP was slightly higher in males (9 of 22) than in females (7 of 22) and the number of SA was slightly higher in females (15 of 22) than in males [(13 of 22) , these sex differences were not reliable (v 2 = 0.39), not significant (n.s.)]. Overall, a greater proportion of rats were categorized as SA rather than SP (64% vs. 36%, respectively). Additional analyses of the preference scores revealed an interactive effect of SP/SA group and concentration (F 6,240 = 23.79, P < 0.0001, Figure 1B ). Both SP and SA preferred sucralose to water at the 2 lowest concentrations. A significant SP/SA group difference in preference scores first emerged at the 0.01 g/L sucralose concentration and this group difference strengthened as the concentration of sucralose increased (Ps < 0.05). Sucralose preference peaked at the 0.5 g/L concentration in SP and sucralose avoidance was strongest at the 2.0 g/L concentration in SA. No sex differences in sucralose preference were detected among the groups of SP or SA. Preference for sucralose across a range of concentrations was similar in male and female Long-Evans rats. Data are mean (ÔSEM) preference scores (sucralose intake divided by total fluid intake, expressed as percentages). (A) Prior to categorization as either SP or SA, the rats displayed a reduction in their preference for sucralose over water as the concentration of sucralose was increased. This effect was similar in male and female rats. (B) SP preferred sucralose over water at all concentrations. In contrast, SA displayed indifference to 0.01 g/L sucralose and then preferred water over sucralose at concentrations of 0.25 g/L and higher. The preference curves of SP and SA were similar in both sexes. *Male and female SP > male and female SA, Ps < 0.05.
Examination of fluid intake revealed that all SP consumed more sucralose than water across all 2-bottle preference tests (Figure 2A,B) . Among SP, sucralose intake was greater in males than in females (F 1,13 = 6.89, P < 0.05) and varied by concentration (F 6,78 = 8.41, P < 0.0001), with the highest intakes occurring in the 0.25-1.0 g/L range in both sexes (Ps < 0.05). In comparison, water intake was consistently low and similar in males and females. As a result, total fluid intake among SP mirrored their sucralose intake. Males consumed more fluid than females (F 1,13 = 10.22, P < 0.01) and total fluid intake was influenced by sucralose concentration (F 6,78 = 12.98, P < 0.0001), with peak fluid intakes occurring when 0.25-1.0 g/L sucralose was available (Ps < 0.05).
Examination of fluid intake among SA revealed that all SA consumed more water than sucralose when sucralose concentrations exceeded 0.01 g/L (Figure 2C,D) . Among SA, sucralose intake decreased as a function of increasing concentration (F 6,162 = 42.63, P < 0.0001), with lowest intakes occurring in the 0.5-2 g/L sucralose range (Ps < 0.05). This effect did not differ in males and females. Water intake was greater in males than in females (F 1,162 = 14.51, P < 0.001) and varied by concentration (F 6,162 = 47.49, P < 0.0001), with highest water intakes occurring in both sexes when 0.25-2 g/L sucralose was available (Ps < 0.05). Although total fluid intake was greater in males than in females (F 1, 27 = 39.17, P < 0.0001), their pattern of fluid intake remained stable across the sucralose concentration curves in both sexes.
Sucralose preference was not influenced by stage of the estrous cycle in cycling female rats. As was observed in females tested without regard to cycle stage, cycle-synchronized rats displayed a decrease in sucralose preference as a function of increasing sucralose concentration (F 6,144 = 7.22, P < 0.0001). This preference curve was not influenced by either a main or interactive effect of cycle stage (F 3,144 = 1.29, F 18,144 = 1.11, respectively, n.s.). As such, data were collapsed across stage of the estrous cycle. Prior to categorization as SP or SA, female rats displayed a preference for the 0.0001 and 0.001 g/L concentrations (83.7 ± 7.3 and 74.3 ± 10.5, respectively), indifference at the 0.01 g/L concentration (58.3 ± 12.3), and avoidance at the 0.25-2.0 g/L concentrations (range in avoidance scores: 38.4 ± 13.7-24.1 ± 11.0). Following categorization as SP or SA, the sucralose preference cures in females were similar to that observed in male rats (data not shown). 
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Effects of strain
Prior to categorization as either SP or SA, male Long-Evans and Sprague-Dawley rats displayed a comparable decrease in sucralose preference as the concentration of sucralose increased (F 6,162 = 7.41, P < 0.0001, Figure 3A ). At low (0.0001-0.01 g/L) concentrations, both strains displayed a moderate preference for sucralose. At higher (0.25-2 g/L) concentrations, both strains displayed a weak-to-moderate avoidance of sucralose. A breakdown of these data by SP/SA group revealed that the proportion of SP (6 of 16) to SA (10 of 16) in Long-Evans and the proportion of SP (7 of 15) to SA (8 of 15) in Sprague-Dawley rats was not significantly different (v 2 = 0.37, n.s.). Overall, a greater proportion of both strains were categorized as SA rather than SP (58% vs. 42%, respectively). Further analysis of the preference scores revealed an interactive effect of SP/SA group and concentration (F 6,162 = 19.16, P < 0.0001, Figure 3B ). Overall, rats preferred sucralose to water at the 2 lowest concentrations. A significant SP/ SA group difference first emerged at the 0.01 g/L sucralose concentration and this group difference became more pronounced as the concentration of sucralose increased (Ps < 0.05). Sucralose preference peaked at the 0.25 g/L sucralose concentration in SP of both strains and reached a nadir in the 1.0-2.0 g/L concentration range in SA of both strains. A main effect of rat strain was also detected (F 1,162 = 4.61, P < 0.05). This strain difference was driven by the greater preference scores in Long-Evans SP, relative to Sprague-Dawley SP, at the 3 highest concentrations of sucralose (Ps < 0.05). Examination of fluid intake revealed that all SP consumed more sucralose than water across all 2-bottle tests ( Figure  4A ,B). Among SP, sucralose intake was greater in the Long-Evans than Sprague-Dawley rats (F 1,66 = 15.81, P < 0.01) and influenced by concentration (F 6,66 = 7.76, P < 0.0001), with sucralose intakes peaking in the 0.25-0.5 g/L range in both strains. Water intake remained low in both strains of SP. As a result, total fluid intake mirrored sucralose intake. Long-Evans SP consumed more total fluid than Sprague-Dawley SP (F 1,66 = 9.83, P < 0.001) and total intakes were influenced by concentration (F 6,66 = 9.78, P < 0.0001), with peak fluid intakes occurring when 0.25 and 0.5 g/L sucralose was available.
SA consumed more water than sucralose at concentrations greater than 0.01 g/L (Figure 4C,D) . SA decreased their sucralose intake as a function of increasing concentration (F 6,96 = 15.85, P < 0.0001), with lowest intakes occurring in the 0.25-2 g/L range in both strains. Water intake increased as a function of increasing sucralose concentration (F 6,96 = 21.43, P < 0.0001) and Long-Evans rats consumed more water than Sprague-Dawley rats (F 1,96 = 20.35, P < 0.001). The differences in water intake between the 2 strains drove an interactive effect of SP/SA group and concentration on total fluid intake (F 6,96 = 2.76, P < 0.05), with Long-Evans rats consuming significantly more fluid than Sprague-Dawley rats as sucralose concentration increased.
Experiment 2
The use of an abbreviated (relative to Experiment 1) 2-bottle preference testing paradigm involving water and an ascending series of 4 sucralose concentrations revealed that 16 of the 50 rats tested (32%) were SP (i.e., they preferred at least 3 of the 4 sucralose concentrations tested) and 34 of the 50 rats tested (68%) were SA (i.e., they avoided sucralose solutions that exceeded 0.01 g/L) ( Figure 5 ). As in Experiment 1, sucralose preference was influenced by an interactive effect of SP/SA group and concentration (F 3,144 = 30.7, P < 0.001). Figure 3 Preference for sucralose across a range of concentrations was similar in male Long-Evans (LE) and Sprague-Dawley (SD) rats. Data are mean (ÔSEM) preference scores (sucralose intake divided by total fluid intake, expressed as percentages). (A) Prior to categorization as either SP or SA, the rats displayed a reduction in their preference for sucralose over water as the concentration of sucralose was increased. This effect was similar in LE and SD rats. (B) SP preferred sucralose over water at all concentrations. This preference for sucralose was greater in LE rats, relative to SD rats, at concentrations of sucralose ‡ 0.5 g/L. In contrast, SA displayed indifference to 0.01 g/L sucralose and preferred water over sucralose at concentrations of 0.25 g/L and higher. No strain differences were detected among SA. *LE and SD SP > LE and SD SA, Ps < 0.05. + LE SP > SD SP, Ps < 0.05.
Preference for sucralose increased among SP and decreased among SA, as a function of increasing sucralose concentration such that SP/SA group differences were detected at 0.1 and 1 g/L (Ps < 0.05).
Experiment 3
Based on the nonoverlapping licking responses to the highest concentration of sucralose during brief-access testing in the Davis rig, rats were classified as SP (emitted more than 120 licks per 30 s) or SA (emitted fewer than 30 licks per 30-s test session). An examination of the number of licks across the sucralose concentration curve revealed an interactive effect of SP/SA group and concentration (F 7,98 = 31.79, P < 0.0001) ( Figure 6A ). While the number of licks to the 4 highest concentrations of sucralose was greater in SP, relative to SA, the numbers of licks to water and the 2 lowest concentrations of sucralose were greater in SA, relative to SP (Ps < 0.05). The latter finding was unexpected based on previous studies involving 2-bottle preference tests in which SP/SA group differences were not apparent at low concentrations of sucralose. We reasoned, therefore, that the latter finding may have been driven by a contrast effect between high and low sucralose concentrations in both SA and SP. To examine Figure 5 Approximately twice as many male Long-Evans rats were classified as SA, relative to SP, on the basis of their behavioral responses to 2-bottle 24-h preference tests involving water and an ascending series of sucralose concentrations. Data are mean (ÔSEM) preference scores (sucralose intake divided by total fluid intake, expressed as percentages). Preference for sucralose increased among SP and decreased among SA, as a function of increasing sucralose concentration. Group differences were detected at the 2 highest sucralose concentrations. *SP > SA, Ps < 0.001.
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this hypothesis, rats were retested using the first 3 solutions in the series (0, 0.0001, and 0.001 g/L sucralose). This analysis revealed a main effect of concentration (F 2,28 = 49.76, P < 0.001) ( Figure 6B ). The 2 sucralose solutions elicited a greater licking response than water (Ps < 0.05), and this effect was similar in SP and SA. No main or interactive effects of group were detected. To further ensure that the decrease in licking by SA to higher concentrations of sucralose was not a result of malaise or learning, we compared each SA's licking response with the first presentation of each concentration on the first day of testing to their averaged response across all 5 days. At no concentration did the SA's licking responses differ between time points (F 1,16 = 2.94, n.s.). Following testing in the Davis rig, rats were reclassified as SP or SA on the basis of their sucralose preference as tested via a series of 24-h 2-bottle preference tests for water versus 4 concentrations of sucralose (0.001, 0.01, 0.1, and 1 g/L). The classification via both behavioral tests was identical. That is, the 7 rats classified as SP in the Davis rig were also classified as SP via a 2-bottle preference paradigm (mean preference score of 80 and 89 at the 2 highest concentrations, respectively). Similarly, the 9 rats classified as SA in the Davis rig were also classified as SA via a 2-bottle preference paradigm (mean preference score of 31 and 26 at the 2 highest concentrations, respectively).
Experiment 4
When given the choice between water and sucralose solutions exceeding 0.01 g/L, SA consume water almost exclusively (Sclafani and Clare 2004; Bello and Hajnal 2005) . To test the robustness of this phenomenon, male rats were categorized as either SP or SA and then adapted to a 23 h/day water-deprivation schedule. These highly motivated rats were then given a series of brief (1 h) access one-bottle intake tests involving water and an ascending series of sucralose solutions. Under these conditions, fluid intake was influenced by an interactive effect of SP/SA group and sucralose concentration (F 4,64 = 21.09, P < 0.0001) ( Table 1) . Intakes of water and the 2 lowest (0.001 and 0.01 g/L) concentrations of sucralose were similar between SP and SA. However, at the 2 highest (0.1 and 1 g/L) concentrations of sucralose, SA consumed less than SP (Ps < 0.05). In addition, SP consumed greater amounts of 0.1 and 1 g/L sucralose, relative to water, whereas SA consumed less 1 g/L sucralose, relative to water (Ps < 0.05). Sclafani and Clare (2004) provided the first demonstration of a bimodal behavioral response to sucralose in rats. Using a series of 2-bottle preference tests, they reported that individual rats could be classified as either SP (i.e., they preferred sucralose to water over a range [0.25-4 g/L] of sucralose concentrations) or SA (i.e., they displayed a profound avoidance of sucralose across the same range). This highly variable response appears unique to sucralose, as similar, natural variability has not been reported in the preferences for other sweeteners. Our current findings extend the existing literature examining sucralose preference in rats (Sclafani and Clare 2004; Bello and Hajnal 2005; Dess et al. 2009 ) by demonstrating that the bimodal behavioral response to sucralose is robust across sex, 2 rat strains, and multiple testing paradigms. A retest of the licking curves generated by the 3 lowest concentrations revealed no differences between SA and SP, suggesting that the earlier group differences at these concentrations were the result of a contrast effect across between low and high sucralose concentrations across the full range of concentrations tested in (A).
Discussion
+ SA > SP, Ps < 0.05. *SP > SA, Ps < 0.05.
The perception of, and subsequent preference for, a variety of sweet tastants is influenced by estradiol. For example, the number of licks elicited by dilute (0.025 M) sucrose solutions during brief-access tests is decreased by both endogenous and exogenous estradiol in female rats (Curtis et al. 2004; Atchley et al. 2005 ). This reduced behavioral response is likely mediated by estradiol's ability to increase the detection threshold (i.e., reduce sensitivity) for sucrose in female rats (Curtis et al. 2005) . On the other hand, female rats display greater preference than male rats for more concentrated sweet solutions including glucose and saccharin (Valenstein et al. 1967; Wade and Zucker 1969; Zucker 1969) . Taken together, these data suggest that preference for sucralose may also be sexually dimorphic, with males displaying greater preference at near-threshold concentrations and females displaying greater preference at high concentrations. However, our direct examination of sucralose preference in male and female rats failed to support this hypothesis. Preference for sucralose was virtually identical in males and females both prior to and after their classification as either SP or SA (Figure 1) , the proportion of SP to SA (33% and 66%, respectively) was similar in males and females, and sucralose preference was not influenced by stage of the estrous cycle. Thus, previous reports of sex differences in the preference for natural and artificial sweeteners do not appear to extend to sucralose, at least throughout the concentration range tested here. The reasons for this are unclear but may be related to our concentration range and/or the possibility that sucralose may have an aversive component that may have obscured any sex differences. It should be noted, however, that we failed to see a sex difference among SP, which appear to be relatively insensitive to any aversive properties of sucralose.
In the present study, we found that only ;33% of both males and females could be classified as SP. This finding is not consistent with a previous report that female rats were more than twice as likely to be classified as SP than male rats (;50% vs. 20%, respectively) (Sclafani and Clare 2004) . These inconsistent findings are likely the result of methodological differences. Here, males and females were subjected to identical testing protocols. However, in a previous study (Sclafani and Clare 2004) , females were tested across a series of increasing sucralose concentrations, whereas males were tested at a single concentration of sucralose (0.5 g/L), which may have biased the results toward a greater number of SA. Our additional finding that ;35% of a large group (n = 50) of male rats were classified as SA (Figure 6 ), provides further evidence that the true ratio of SP to SA is ;35-65%. Finally, the previous study reporting the ratio of SP to SA in male and female rats involved Sprague-Dawley rats (Sclafani and Clare 2004) , whereas our study included both Long-Evans and Sprague-Dawley rats. While a strain difference may have contributed to the discrepant findings, this remains unlikely because our direct comparison of these 2 strains yielded few differences as discussed in greater detail below. The only other study to examine the influence of sex on sucralose preference involved LoS and HiS rats. Similar to our current findings, the authors found neither sex differences in sucralose preference nor sex differences in the ratio of SP to SA in these rats selectively bred for their saccharin preference (Dess et al. 2009 ). Taken together, the available data suggest that sucralose preference is not sexually dimorphic in the rat.
Although our series of 2-bottle preference tests failed to yield any sex differences in sucralose preference, we did observe sex differences in both sucralose and water intakes that were dependent upon the rats' SP/SA categorization. Males consumed more sucralose than females, however, this effect was only observed among SP (Figure 2A,B) . Males also consumed more water than females, however, this effect was only observed among SA (Figure 2C,D) . Because total fluid intake was comprised mostly of sucralose in SP and water in SA, it is likely that the sex differences in sucralose and water intake were driven by sex differences in fluid intake because male rats typically consume more fluid than female rats.
Previous studies of the rat's behavioral response to sucralose are limited to the Sprague-Dawley strain (Sclafani and Clare 2004; Bello and Hajnal 2005; Dess et al. 2009 ). Here, we provide the first evidence that a bimodal behavioral response to sucralose also exists in Long-Evans rats. This finding extends a previous report that preference for saccharin and sucrose are similar in these 2 rat strains (Tordoff et al. 2008) . Further examination of the preference scores among individual rats revealed that the proportion of SP to SA was similar in both strains, suggesting that the bimodal response to sucralose is a robust phenomenon. We did, however, Rats Display Bimodal Preference for Sucralose 741 detect a strain difference among SP in which Long-Evans rats displayed greater preference for, and consumption of, the 3 highest concentrations of sucralose, relative to Sprague-Dawley rats ( Figure 4B ). This strain difference may be related to the greater variability in sucralose intake in Sprague-Dawley SP, relative to Long-Evans SP. Specifically, 2 of the 7 Sprague-Dawley SP consumed low amounts of the 2 highest sucralose concentrations but very high amounts of all other sucralose concentrations. As such, these 2 rats met our criterion for classification of SP (preference for sucralose at 5 of 7 concentrations), but their low sucralose intakes and preference scores at the upper end of the concentration curve drove down the overall means of the Sprague-Dawley SP group. In contrast, similar variability in sucralose intakes and preference scores were not observed in Long-Evans SP. In a previous report, consumption of a 5% glucose solution was greater in Long-Evans rats, relative to Sprague-Dawley rats (Fregly and Rowland 1992) . This raises the possibility that an increase in the avidity for sweet-tasting solutions in Long-Evans rats may drive the more uniformly increased sucralose preference observed in Long-Evans SP, relative to Sprague-Dawley SP. Additional research investigating strain differences in preference for sweet tastants are required to test this hypothesis directly. While the mechanism underlying the bimodal behavioral response to sucralose is unknown, we speculate that it may be related to a differential sensitivity to the orosensory effects of sucralose. The fact that SA display avoidance, rather than indifference, raises the possibility that sucralose may have an aversive taste component that is differentially sensed by SA and SP. Indeed, it is well established that some artificial sweeteners have a bitter aftertaste (e.g., Hoover 1980; Schiffman et al. 1995) and chlorinated sugars in particular (of which sucralose is one) are often reported to have a bitter-taste quality (Shamil et al. 1987) . While humans report that the bitter aftertaste of sucralose is about one-third that of saccharin, acesulfame K, and stevioside, they also report that sucralose has a bitter taste that is more than 4 times that of sucrose (Schiffman et al. 1995) . As such, ongoing research in our lab is investigating the hypothesis that SA are more sensitive than SP to a bitter-taste quality of sucralose. Another possibility is that sucralose may have a metallic aftertaste that SA are more sensitive to. Previous studies have shown that other artificial sweeteners that are reported to have bitter and/or metallic aftertastes (e.g., saccharin and acesulfame K) activate the TRPV1 receptor, which is also activated by metallic tasting salts (Riera et al. 2007 ) and contributes to the reduced preference for various artificial sweeteners in mice (Riera et al. 2008 (Riera et al. , 2009 ). Finally, we cannot exclude the possibility that SA may have heightened sensitivity to the postingestive consequences of sucralose. This hypothesis is based on studies suggesting that sweet and bitter-taste receptors in the gut may have physiological and/or behavioral effects (Hofer et al. 1996; Mace et al. 2007; Sutherland et al. 2007; Egan and Margolskee 2008; Glendinning et al. 2008; Hao et al. 2008) . Indeed, intragastric infusions of concentrated sucralose (16 g/L) have been shown to decrease fluid intake in mice (Sclafani et al. 2010) . Prior to the current study, investigations of the bimodal behavioral response to sucralose have been limited to 24-h 2-bottle preference tests, which would produce both orosensory and postingestive consequences. As such, we utilized a behavioral testing paradigm in the present study that minimizes postingestive feedback in order to assess the importance of the taste of sucralose in driving the bimodal behavioral response to sucralose in rats.
In a brief-access test like the one employed here, a solution's orosensory properties drive an animal's affective unconditioned licking response. Rats given brief access to concentrations of sucralose presented at random in our initial Davis-rig experiment produced patterns of licking that partially modeled the bimodal behavioral responses obtained in 2-bottle preference tests here and in a previous study (Sclafani and Clare 2004) . Interestingly, we found an interaction effect in which SP showed reduced licking to low concentrations of sucralose (0-0.001 g/L) and increased licking to high concentrations of sucralose (0.25-2 g/L), relative to SA ( Figure 6A ). The licking behavior we measured at high concentrations of sucralose is consistent with findings involving 2-bottle preference studies here and in previous studies (Sclafani and Clare 2004; Bello and Hajnal 2005) . Moreover, the licking pattern of SP suggests that they found the sucralose solutions more palatable as the concentration increased, whereas the licking pattern of SA suggests that they found the sucralose solutions less palatable as the concentration increased. Because postingestive feedback is minimized during these brief-access taste tests, we conclude that taste is more important than the possible postingestive effects of sucralose in driving avoidance in SA at high sucralose concentrations. One caveat to this conclusion is that it is based on averaged licking responses across 5 days of testing. Thus, it is possible that if SA experienced any aversive postingestive consequences on day 1 of testing, this could have driven down their licking behavior on subsequent testing days. In order to explore this notion, we compared the licking responses of SA on the first presentation of each concentration with those on each of the 4 subsequent testing days. At no concentration did the number of licks differ across days and there was no tendency for SA to decrease the number of licks across the 5-day testing period. In fact, on the first day of testing, SA could be differentiated from SP after a single 30-s presentation of 2 g/L sucralose, suggesting a rapid robust difference in the behavioral response to this stimulus. Taken together, these additional observations are not compatible with the notion that a conditioned postingestive effect of sucralose may have contributed to the reduced licking of SA, relative to SP. Thus, these findings strengthen our conclusion that it is the orosensory, rather than postingestive, effects of sucralose that contribute to sucralose avoidance in SA.
We were surprised by the group differences among SP and SA in the number of licks at the low end of the sucralose concentration curve, as a similar relationship has not been detected in 2-bottle preference tests. In the brief-access test, sucralose concentrations were presented at random to reduce the possibility of contrast effects across the range of sucralose concentrations. Despite this precaution, we decided that a followup study was necessary to investigate whether contrast effects between low and high sucralose concentrations were responsible for the SP/SA group differences at the low end of the sucralose concentration curve. We hypothesized that SP may have emitted fewer licks to water and the low concentrations of sucralose due to the availability of higher more palatable concentrations of sucralose and/or that SA may have emitted more licks to water and the low concentrations of sucralose as they found the highest sucralose concentrations less palatable. To test this hypothesis, rats received brief access to water and the 2 lowest (0.0001 and 0.001 g/L) sucralose concentrations from the first curve, presented at random. In support of the presence of contrast effects, we failed to detect any differences between SP and SA under these conditions ( Figure 6B ). Taken together, these experiments suggest that the hedonic evaluation of the 2 lowest concentrations of sucralose is similar in SP and SA, consistent with findings of similar preference scores among SP and SA within this same concentration range, as assessed in longer-term 2-bottle preference tests. In comparison, the divergent licking responses of SP and SA at the higher sucralose concentrations suggest that the 2 groups differ in their hedonic evaluation of these sucralose concentrations and that these group differences are likely mediated by differences in taste perception.
The results of the present study, together with previous reports (Sclafani and Clare 2004; Bello and Hajnal 2005) , provide compelling evidence in support of the 2-bottle preference test as a highly reliable method for distinguishing between SP and SA. It is not known, however, whether this classification holds up under alternative conditions in which rats are highly motivated to consume fluids. In order to address this question, fluid-deprived SP and SA were given a series of 1-bottle tests containing an ascending series of sucralose concentrations. Despite their highly motivated state, SA continued to consume less of the 2 highest concentrations of sucralose (0.1 and 1 g/L), relative to SP. At the highest sucralose concentration, SA not only consumed less fluid than SP, but they also consumed significantly less fluid relative to their own baseline water intake. In comparison, SP consumed more of the 2 highest sucralose concentrations, relative to their baseline water intake (Table 1 ). These findings demonstrate that the avoidance demonstrated by SA in the 2-bottle test is a powerful enough phenomenon to reduce intake while the rat is fluid deprived. These findings, together with the findings of our brief-access tests, suggest that SA detect a negative taste quality in sucralose that is not detected by SP.
Understanding natural variation in taste perception has become increasingly valuable in describing human variation as we learn more about how these differences interact with other behaviors. For example, there is a growing literature suggesting that the ability to taste the bitter compound 6-n-propylthiouracil (PROP) covaries with perception of other tastants in humans (Bartoshuk 1979; Chang et al. 2006; Hayes et al. 2007) and there is evidence that this variation may also affect food choice (Akella et al. 1997; Keller et al. 2002; Keller and Tepper 2004; Garcia-Bailo et al. 2009 ). Less obvious connections have been made between variations in taste perception and highrisk behaviors. Rats that have been selectively bred for increased avidity for sweet-tasting solutions also demonstrate increased impulsivity, increased cocaine self-administration, and increased ethanol intake (Dess et al. 1998; Perry et al. 2007; Anker et al. 2008 ). In addition, rats bred for high and low preference for saccharin have served as models for the study of drug abuse and, conversely, rats bred for increased intake of drugs and alcohol demonstrate an increased avidity for a number of sweet-tasting substances (reviewed in Carroll et al. 2008; Kampov-Polevoy et al. 1999 ). In the present study, we have shown that there is a natural and robust variation in the taste perception of rats. That rats can be easily categorized as either SP or SA across sex, strain, testing paradigm, and fluid state suggest that the rat's bimodal behavioral response to sucralose is the result of a highly consistent set of behaviors rather than subtle individual differences in intake. Such extreme natural variation in taste preference has rarely been reported in rats. Additional work is required to determine whether SA and SP will serve as an animal model for examining differences in taste sensitivity, but we are hopeful as the ability to utilize natural variation within the rat has the potential to increase our understanding of the involvement of taste in guiding ingestive behavior with implications for clinical nutrition, weight management, and the development of chronic diseases.
Funding
This work was supported by the National Institutes of Health [grant numbers R01 DK073936 to L.A.E. and T32 DC000044 to G.C.L. and A-M.T.].
